Abstract
Introduction 3 0
With few exceptions, animals cannot synthesize carotenoids de novo from basic . The red naupliar eye spot is present in copepods fed both carotenoid-rich and carotenoid-deficient diets suggesting that production of that eye pigment is not diet-dependent. (C) Females carry egg sacs that transition from dark gray to red as embryos develop. 
Copepod culturing 8 9
Tigriopus californicus copepods collected from the wild in the vicinity of San Diego, California (ASW) at salinity of 32 at 24 °C on a 12 h light: 12 h dark light cycle and fed live microalgae Tetraselmis chuii and Synechococcus spp. This diet contains algal-derived carotenoids α -and β -9 3
carotene, lutein, and zeaxanthin (Guillard et al. 1985; Brown and Jeffrey 1992) , which are 9 4
hypothesized to be substrates for bioconversion to astaxanthin (Fig. 1) . We refer to copepods 9 5 raised under these conditions as our 'stock population'. To test the hypothesis that the characteristic orange-red coloration of T. californicus depends on 9 8
the presence of carotenoids in their diet, in 2015 we switched a sample of approximately 1,000
stock population copepods to a carotenoid-free diet of nutritional yeast (Bragg, Santa Barbara, containers approximately once every three months. We refer to copepods raised under these
conditions as 'yeast-fed copepods'. We sampled 10 adult copepods from the stock population in the presence of carotenoids in their bodies as described in section 2.6 below. To determine whether the red coloration of the naupliar eyespot was carotenoid-based, we
dissected the portion of the cephalosome containing the eyespot from 10 adult yeast-fed
copepods. All 10 dissected eyespots were pooled in one tube and the corresponding 10 bodies
were pooled in a separate tube then processed and analyzed for carotenoids as described below. 
Maternal deposition of astaxanthin to developing embryos
In a separate experiment, we sought to determine whether the red coloration of mature egg sacs
attached to stock population gravid females was carotenoid-based. We carefully removed red egg
sacs from three gravid females using a fine needle under a dissecting scope and processed each clutch individually for carotenoid analysis as described below. Carotenoids were extracted from copepods by sonicating in 500 µL HPLC-grade acetone in a 1.7 1 3 9 mL microcentrifuge tube for 10s at 10W; we then capped tubes with nitrogen gas and incubated was 32 min at a flow rate of 1 mL min -1 . Absorbance was measured at 450 nm using a UV/VIS 1 4 9
detector. Carotenoids were identified and quantified by comparison to authentic standards.
Astaxanthin concentration was normalized to copepod dry weight. We tested for a difference in the amount of astaxanthin produced by copepods from each group 
Dietary origin of the red coloration of T. californicus
The major carotenoid found in stock population copepods was free astaxanthin (mean ± SE; 1 6 1 49.38 ± 2.19 ng copepod -1 , n = 3). Minor amounts of mono and di-esterified astaxanthin were 1 6 2 detected comprising 3.22% and 8.83% of the total carotenoid content, respectively. We found
that when stock population copepods were switched to a carotenoid-free yeast diet they lost their 1 6 4 characteristic orange-red coloration and appeared clear (Fig. 2b) . Biochemical analysis revealed
that a small but measurable amount of astaxanthin was detected in the yeast-fed copepods (mean 1 6 6 ± SE; 0.54 ± 0.016 ng copepod -1 , n = 3). 
Astaxanthin analysis of red eyespots
We detected no carotenoids in the red eyespot-enriched fraction of yeast-fed Tigriopus
californicus. Analysis of the corresponding body fraction returned a similar concentration of
astaxanthin as from the yeast-fed copepods in the previous experiment (0.3 ng copepod -1 ). We found that the red egg sacs of stock population gravid females contained astaxanthin (mean ± 1 7 3 SE; 10.53 ± 3.31 ng egg sac -1 , n = 3).
1 0
Bioconversion of dietary supplemented carotenoids
We found that T. californicus copepods from each carotenoid supplement group accumulated 1 8 0 astaxanthin after 48 h when none was present in their diet (Fig. 3) . The amount of astaxanthin depending on which carotenoids are available in their diet, and/or the body's need for vitamin A. Zeaxanthin has no vitamin A capacity and we found that copepods fed this precursor produced
significantly more astaxanthin than β -carotene supplemented copepods. While we did not detect 2 3 7
any intermediates along the proposed bioconversion pathways, our results demonstrate that T.
californicus use zeaxanthin as a substrate for astaxanthin production. It is possible that
zeaxanthin is the start of a more efficient bioconversion pathway for astaxanthin production by It is unclear from this study whether T. californicus uses lutein as a substrate for astaxanthin production because the lutein supplement also contained trace amounts of thought to preferentially use lutein as the substrate for bioconversion to astaxanthin and other bioconversion pathway requires the isomerization of α -doradexanthin to β -doradexanthin, a
